Introduction: An accurate and reliable method of estimating weight in sick obese children, for purposes of drug dosing calculations, has proved to be elusive. Incorporating the use of high-tech, point-of-care technology into weight-estimation methodology has not been evaluated before. We aimed to determine if ultrasound and bioelectrical impedance measurements could be used in combination with the PAWPER XL tape (PTXL) to increase the accuracy of total body weight (TBW), ideal body weight (IBW) and fat-free mass (FFM) estimation.
Introduction
Why is an accurate estimation of weight crucially important during the management of medical emergencies in children? During emergencies, actual weight generally cannot be measured and, if medications are required, then an estimate of weight is required to enable the calculation of drug doses [1] . It follows that if the weight estimate is not accurate then the resulting drug dose will not be accurate, which may result in patient harm [2] [3] [4] . The use of weight-estimation techniques known to be inaccurate should therefore not be toleratedthe most accurate systems that are practical during emergencies should be utilised [5, 6] .
The newer, dual length-and habitus-based weight estimation systems, such as the PAWPER XL tape (PTXL), have been shown to be significantly more accurate than older methods in underweight and obese children, primarily because they account for variations in body habitus [7] [8] [9] . If systems that estimate habitus are accurate, then perhaps techniques that directly measure body composition could be even more accurate.
There is little data on the role of technology in paediatric weight estimation, but there are several significant ways in which high-tech solutions could assist weight estimation and emergency drug dose calculations in children.
•
Specialised in-stretcher scales could be used to measure total body weight (TBW) in an emergency. The accuracy of this type of equipment during emergencies has, surprisingly, not been validated. The limited available evidence suggests that medical management frequently prevents these scales from being used [10] . Furthermore, scales can only provide a measure of TBW; if a measure of ideal body weight (IBW) was required for obese children then this would still have to be estimated.
Computerised point-of-care systems or smartphone apps are a valuable adjunct to emergency medical management. These systems can eliminate the need for calculations for weight-estimation systems in addition to providing comprehensive drug-dosing information [11] . The use of such devices could also allow for more complex weight estimation methodologies to be used without generating a debilitating cognitive burden.
High-tech systems could, at least in theory, also be used to rapidly generate additional data that might supplement or replace anthropometric measurements to increase the accuracy of weight estimation -especially in children at risk for critical weight estimation errors (obese and underweight children). Point-of-care ultrasound (PoCUS) and bioelectrical impedance (BI) have been validated for body composition assessment in children [12, 13] . These techniques could potentially be adapted to provide an indication of a child's body composition to allow for an accurate, individualised estimation of total body TBW, IBW or even fat-free mass (FFM). Either IBW or FFM is required for correct dosing of hydrophilic medications in obese children [14] .
The aim of this study was to evaluate whether commonly available, high-tech point-of-care resources, such as PoCUS and BI, would be able to improve the accuracy of the PAWPER XL tape with respect to TBW, IBW and FFM estimations in obese, underweight and normal weight children, when compared to low-tech anthropometrical methods.
Methods

Study design and setting
This was a prospective, cross-sectional study conducted in the Emergency Department (ED) of an academically-aligned private hospital in Johannesburg, South Africa. Ethics approval was obtained from the Human Research Ethics Committee of the University of the Witwatersrand.
Selection of participants
A convenience sample of 332 children aged from one month to 16 years who presented to the ED between October and December 2014 were enrolled. Only children whose participation did not interfere with medical treatment were eligible for inclusion.
Methods and measurements
Data was collected by one of the researchers (MW or LG) using the following procedure for each child:
• Basic demographic data was obtained and recorded.
•
The child was positioned supine on the examination bed (to simulate positioning during emergency care) for weight estimation by the PAWPER XL tape. The PTXL uses length and a visual assessment of habitus to generate an estimate of TBW and length alone to generate an estimate of IBW.
Basic anthropometric measurements: length, mid-arm circumference (MAC), humerus length, ulna length, tibia length, waist circumference, hip circumference and thigh circumference were also obtained.
• B-mode ultrasound measurements of the subcutaneous fatlayer thickness and muscle thickness were taken from the anterior aspects of the mid-arm (biceps) and mid-thigh (quadriceps) using a Mindray DP50 with a 7MHz linear probe. Transverse diameters of the midshaft humerus and femur were also measured (see Figure 1 ). Repeat measurements were made by a second researcher in 31 children to determine inter-observer reliability.
The child was then weighed on a calibrated digital scale with a foot-to-foot bioelectrical impedance measurement obtained simultaneously (Tanita SC-240 Body Composition Analyser).
Finally, whole-body dual X-ray absorptiometry (DXA) measurements of body composition were obtained using a Hologic Discovery A Densitometer with paediatric software, version 12.6.
The demographic data, anthropometric measurements, BI data and DXA data were used to calculate several additional and derivative variables and used in previously described body compositionpredicting formulas (see Table 1 ). IBW was calculated for each child using the BMI method [15] .
Analysis
Inter-observer reliability for PoCUS was evaluated using intra-class correlation (ICC).
The relationships between TBW, IBW and DXA-measured fatfree mass (FFM) as individual dependent variables and multiple anthropometric, PoCUS and BI measurements were evaluated using linear and non-linear regression techniques. Those variables with the highest predictive outcomes, as determined by the R 2 and root mean squared error (RMSE) results were evaluated in combination with the PTXL data and anthropometric data to obtain the best possible multivariate predictive models of TBW, IBW and FFM.
Model development rules, assumptions and outcome measures
We assumed that a point-of-care app would be available to perform all complex calculations -this allowed for more complex models, while keeping the input simple.
These best-performing models were used to generate estimations of TBW, IBW for all children and FFM for obese children only. From this data, the proportions of estimates falling within 10% (PW10) of the target weight were calculated and then compared using the Fisher exact test to establish significant differences in accuracy. A PW10>70% was considered a benchmark for satisfactory model performance.
Software
Statistical analysis was performed using Microsoft excel (Microsoft. Figure 1 . B-mode ultrasound image of biceps. This is a transverse view of the midarm, with zero pressure applied to the skin. The measurement marked "1" represents the subcutaneous fat layer thickness, the measurement marked "2" demonstrates the muscle layer thickness and "3" the transverse diameter of the mid-humerus. 
Results
Study population
A total of 332 children were enrolled in the study. The basic demographic information is shown in Table 2 . The sample showed a reasonable number of underweight children (15.3%) and overweight or obese children (32.5%) in which to evaluate the anthropometric and high-tech weight-estimation models. The breakdown by weightstatus showed reasonably well-matched groups, except for a high proportion of very young children in the severely obese category. The anthropometric, PoCUS and BI data all showed a strong association with body habitus.
PoCUS, BI and body composition
The relationships between PoCUS measurements of subcutaneous fat and muscle layers and body fat (BF) and FFM are shown in Figure  2 . The biceps measurements had a higher predictive power than those from the quadriceps site. The inter-observer reliability of the PoCUS measurements was exceptionally good, with ICCs ranging from 0.984 to 0.991 for the different sites.
The scatterplots of BI against body fat and FFM can also be found in Figure 2 . The best relationship was found between a logarithmically transformed resistance index (since the relationship between length and weight is not linear) and FFM.
Single variable regression outcomes
The results of single-variable linear regression with TBW, IBW and FFM as dependant variables are shown in Table 3 . There were strong associations between humerus length, MAC, hip circumference, recumbent length and impedance index and all dependant variables. There was a very strong association between PTXL-predicted IBW and calculated IBW. Ultrasound measurements, as single variables, were only weakly associated with any of the dependant variables. The BI FFM formulas, with data imputed from PTXL estimations, were strongly predictive of FFM.
Combination variable regression outcomes
Only outcomes that achieved an adjusted-R 2 of more than 0.95 and a RMSE of less than 3.2 kg were included in the results (see Table 4 ). Both PoCUS and BI demonstrated an ability to improve the predictive ability of length-based weight estimation. There were several high-tech combinations that showed good predictive value for TBW and FFM. The PTXL, as a single variable, predicted IBW very accurately and no additional variables increased the accuracy of this prediction.
Comparisons between high-tech and low-tech estimation outcomes
Each one of the high-tech models of TBW-estimation was significantly more accurate than the purely anthropometric combinations, with odds ratios ranging from 1.6 to 2.9. This amounted to an 8-16% absolute improvement in weight estimation PW10 accuracy. Both the low-tech and the high-tech models predicted FFM accurately, but the high-tech models were significantly better than the low-tech models, although with a small effect size.
PAWPER XL tape measurements
TBW (from length and habitus) and IBW (from length) estimations Table 1 . Measurements and derived variables evaluated by regression analysis. All anthropometric measurements were performed according to the International Standards for Anthropometric Assessment 2006 guidelines. Indexes of selected variable were calculated as quotients based on height-squared (m 2 ). Abbreviations: TBW = total body weight; IBW = ideal body weight; BMI = body mass index; MAC = mid-arm circumference; SC = subcutaneous fat layer; MM = muscle layer; Z = resistance; ZI (Resistance Index) = height(cm) 2 /resistance (Ohms); W = weight in kg; H = height in cm; A = age in years; S = sex (males =1, females =0) Notes: Measured weight was replaced with PTXL-total body weight Measured height was replaced with height obtained from the PTXL length Age was replaced with age at the 50 th centile of length-for-age obtained from the PTXL length Total body water was converted to FFM by dividing by 0.76 (0.76mL/g) in children from 5 to16 years, and 0.78 for children below 5 years of age.
Anthropometric measurements
US biceps SC (mm)
6.0 (4.7, 7. Table 2 . Demographic data for the study population. The data is shown for all patients and for subgroups of habitus (stratified by BMI-for-age Z scores). The PTXL habitus score is on a scale of 1 to 7 with HS1 representing an underweight child, HS3 a 50 th centile child and HS7 a severely obese child. All data is presented with medians and interquartile range unless otherwise specified. Abbreviations: BMI = body mass index, BF = body fat; FMI = fat mass index, FFMI = fat-free mass index, IBW = ideal body weight, PTXL = PAWPER XL tape, TBW = total body weight, MAC = mid-arm circumference, US = ultrasound, SC = subcutaneous fat layer, MM = muscle layer. 
Discussion
This study is the first to have evaluated the theoretical ability of high-tech, point-of-care methodologies as adjuncts to improve the accuracy of TBW, IBW and FFM estimations in children.
Main results
The high degree of weight-estimation accuracy achieved in this study, using high-tech-enhanced methods, was interesting and warrants further future investigation. The anthropometric measurements generally showed a higher predicative capability than ultrasound or BI when evaluated as a single variable, but in combination with the PTXL and habitus score or MAC, however, PoCUS and BI measurements could significantly increase the accuracy of estimates of both TBW and FFM especially in underweight and obese children.
TBW estimation
It was in the accuracy of estimation of TBW that the high-tech methods produced the best and most unexpected results. In this study, the accuracy of TBW estimation with the derived regression equations using anthropometric variables was good and was equivalent to the accuracies of the best existing TBW-estimating systems [7, 8, 16] . Both PoCUS and BI, however, when used in combination with the PTXL, significantly and substantially increased the accuracy of TBW estimation, exceeding the accuracy of the low-tech methods [17] . There were strong associations demonstrated between PoCUS measurements of subcutaneous fat and total body fat, PoCUS measurements of muscle thickness and FFM as well as between BI and FFM. This allowed these adjuncts to provide a quantification of FM and FFM when combined with a measurement of length (the PTXL) and thereby increase the accuracy of predictions of TBW.
IBW estimation
An estimate of IBW is not required for normal-weight or underweight children, as all drug doses in these children should be based on TBW. This is not true for obese children. It is important to safeguard obese children from potentially harmful overdoses with hydrophilic medications such as adrenaline, which would occur if TBW was used as the dose-scalar [14, 18] . An estimation of IBW in obese children would therefore be advantageous to allow these drugs to be dosed correctly. The selective use of TBW or IBW as dose-scalars in emergency care has received little attention previously, because existing weight-estimation systems either estimate IBW only (e.g. the Broselow tape) or TBW only (e.g. the Mercy method) [16, 19] . Recent advances on the appropriate use of weight-descriptors for hydrophilic and lipophilic drugs in obese children has made a rational dosing strategy now realistically possible [14] . This is important, even in emergencies, as there is potential harm from incorrect dosing [3, 18, 20] .
This study showed that the PTXL predicted IBW exceptionally accurately. This is because IBW is defined by the 50th centile of weightfor-height and the divisions of the PTXL were designed to predict the median weight at any given length [21, 22] . The addition of other variables could not improve on the accuracy of the PTXL prediction.
FFM estimation
Whether IBW is an appropriate choice for dose-scaling in obese children has not been fully established and it may be that FFM is a Table 4 . Outcome data of linear regression for combinations of low-tech and high-tech variables using the PAWPER XL tape as the method to provide a base of length-based weight estimation. FFM predictions are only shown for obese children, as this is the only group of children in which an alternative weight descriptor to TBW is required (i.e., a scalar for hydrophilic medications). The superscripts indicate significant outcomes in comparisons between different models. The results of the Fisher exact test, with odds ratios are shown at the bottom of the table. Abbreviations: PTXL = PAWPER XL tape, IBW = ideal body weight, HS = habitus score, MAC = mid-arm circumference, US = ultrasound, SC = subcutaneous fat layer, MM = muscle layer, TBW = total body weight, ZI = impedance index, "Rush" = Rush formula for fat-free mass calculation from impedance. more physiologically valid scalar, especially in severely obese children [23] . FFM changes proportionally with the degree of obesity and reflects the volume of distribution of hydrophilic drugs better than IBW [24] . This was the motivation to investigate whether the PTXL could accurately predict FFM in obese children, when combined with low-tech or high-tech adjuncts. While the combination of the PTXL with habitus score or MAC produced accurate estimations of FFM, combining PoCUS measurements and/or BI measurements with the PTXL increased the accuracy of predictions dramatically. These models achieved better results than those previously reported for existing paediatric FFM-estimating formulas (such as the Foster formula) [24, 25] .
PoCUS as an adjunct for assessing body weight
Ultrasound has been proven to be useful for predicting body composition [12, 26, 27] . While multiple sites of ultrasound measurement are generally used for body composition analysis, only two easily-accessible sites were used in this study, to simulate real-world access restrictions in sick children. Despite this limitation, and with the use of both subcutaneous fat and muscle thickness measurements, PoCUS showed a strong association with fat and fat-free mass. The relationship between body fat and the subcutaneous fat layer thickness, and between FFM and the muscle layer thickness was stronger at the biceps site than the quadriceps site. This then allowed a single site to provide adequate discriminatory information for the purposes of weight estimation. The ease-of-use and reliability of this technique, the existing evidence on its use in assessing body composition as well as the surprisingly good results in this study make limited B-mode PoCUS a potentially realistic adjunct to weight estimation in the ED or ICU. Although the time taken to obtain the measurements was not recorded, it took only a few seconds to obtain and analyse the images, which would not be an impediment to the potential use of this technique.
Bioelectrical impedance as an adjunct for estimating body weight
BI also has a very well-established role in the assessment of body composition [13, 20] . It has never been evaluated with respect to weight estimation, but the relationship between BI and FFM suggests that it might be able to predict overall body size in a way that could improve weight estimations. In this study, the addition of resistance or resistance index to PTXL-based measurement of length allowed for an improvement in TBW and FFM estimation, although primarily when added to PoCUS measurements. BI, when measured using electrodes, could in theory be quickly and easily obtained in the ED or ICU. The usefulness of BI as a high-tech adjunct was overall less than that of PoCUS, however.
Weight estimations in obese, underweight and average habitus children
The use of the high-tech adjuncts resulted in the greatest improvement in TBW-estimation accuracy in the subgroups of obese and underweight children. These are the children that most often receive inaccurate weight estimations with current weight-estimation systems, which was corroborated by the failure of low-tech methods to achieve the same high level of accuracy as the high-tech methods. This further illustrates the value of a high-tech method that employs a direct measurement of body composition.
Weight estimation during emergencies
During the stress of paediatric emergencies, the ability of healthcare providers to remember and perform critical actions is seriously impaired [28] [29] [30] . Nonetheless, the emergency nature of any presentation must not excuse the delivery of a sub-optimal level of care. The correct level of care demands accurate dosing of all drugs (hydrophilic and lipophilic) in all children (underweight, normal weight and obese children). For this reason, both TBW and IBW (or FFM) are required if medication errors are to be avoided. Since we are compelled to estimate both TBW and IBW accurately, even in emergencies, we may be forced to adopt more advanced techniques, to accommodate technology appropriately and to change our approach to training and practice.
The use of technology, in the form of smartphone apps, to transform complex weight estimation and drug dosing processes into low cognitive-load techniques is of enormous potential benefit. Apps are already an inextricable part of medical practice, and their use may open the door to adopting more sophisticated and complex methods of predicting weight without a negative effect on medical care [11, 31] . An app which could automatically perform the calculations required for a weight estimate as well as drug doses (based on the most appropriate weight-descriptor for drug type and habitus type) could reduce medication errors. This would improve the quality of care provided to obese children requiring emergency treatment.
Putting it all together -science fiction or modern medicine?
The described techniques might not be practical… yet! But derivative research may be able to establish their utility in both emergency and non-emergency settings and further refine their accuracy. The hightech interventions described in this study can easily be performed by emergency physicians, but the calculations involved are complex and the use of a smartphone app would be mandatory to ensure error-free translation of measurements to weight estimations and drug doses. Even the simplest systems are vulnerable to error if used incorrectly by untrained individuals, as has been shown with the Broselow tape [32] [33] [34] [35] and clinicians would therefore need training dedicated to allow them to integrate weight-estimation into the management protocol. Even the use of PoCUS or BI could realistically be incorporated into team-based emergency care, with appropriate training.
The major factor in determining whether weight-estimation-drugdosing-technology remains science fiction or becomes a valid medical tool is the determination to minimise critical dosing errors in children.
Limitations
This was a very preliminary study with no separate validation sample. This data would therefore need to be verified in a future study and its potential role in weight estimation strategies critically evaluated. There was a relatively small number of obese children in which to develop and evaluate the FFM predictions, which will also require further research.
The practicality of these techniques in an emergency scenario was not evaluated.
Conclusions
This study confirmed that the use of length plus actual or surrogate anthropometric and high-tech measures of habitus allowed for accurate estimation of TBW, IBW and FFM. Point-of-care ultrasound and bioelectrical impedance measurements in combination with the PTXL significantly increased the accuracy of TBW and FFM estimations over methods using only anthropometric measurements. IBW was extremely accurately predicted by the PTXL and high-tech adjuncts could not increase the accuracy of the estimation. PoCUS, given how readily it is available in the Emergency Department, could have a role to play as an adjunct to the estimation of TBW and FFM in the future.
This study also showed that the PAWPER XL tape (using the habitus score or mid-arm circumference methodology) provided accurate estimations of TBW and IBW. With or without the use of high-tech adjuvants, this opens the door to more sophisticated and appropriate drug dosing for obese children and could reduce the perpetration of critical dosing errors in these children.
